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m “ diameter of elngle orifice , 
pipe diameter 

m' - diameter of upstream orifice 
pipe diameter 

m" - diameter of downstream orifice 
pipe diameter 

D - orifice diameter (inches) 
d - inside pipe diameter (inches) 



Tie 

& 



Reynolds number 

distance between orifice plates 
pipe diameter 

. ~v 

liinematic viscosity (ft '/second ) 
rate of flow (ft^/minute) 



Discharge coefficient 



subscripts 12 indicate coefficient eased on radius 
taps across the upstream (or single ) orifice p ■ ate 
Subscripts 14 in lie ate coefficient based on radius 



tap? 



.croem tie double orifice comminution . 



Subscripts ic indicate coefficient based on pipe 
taps iocateu 2.5 diameters upstream from the up- 
stream orifice and 5 diameters downstream from the 
downstream orifice. 



Ah - manometer pressure differential in inches of water. 
A - orifice area (square inches) 



fW 



temperature of water in degrees , 



Fahrenheit 
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rho object of this investigation was to cet engine t',3 
parfonaanee characteristics of two axially coincident 
orifices in caries* 

ilia o tun/ was cjn-uctod v/hils varying the - allowing 
parameters : 

(a) th© axial - i stance ho tvrsen the orifices, 

(h) the Rise oi each orifice, 
and 

(c) fro flow rate; i.o. , the Reynolds Humber* 

In varying thaao parameters the number oi possible 
comoinations i:: infinite, hut tho 330 runs made in this 
investigation dourly show the range in which ths rouble 
orifice acts as an improved measuring device. 

It can be concluded from the desuits that a double 
orifice can he -.e vised that will give the same available 
measuring head as a single orifice out with an improved 
static pressure recovery. Macs t ho upstroaa orifice of 
the acuble orifice combination has been shown jy this 
investigation to be independent of the spacing dip tunc e 
ar.d tie size of the downstream on* ice, a douolo orifice 

oo devise.. using the upstream orifice 
a :c: the ammstreara orifice for imp roving 
Thin has s: o von ta :o that b taia-ardizea 
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upstream orifice. 

In order to ascertain the optimum double orifice 
combinations it is recommended that further tests be made 
in the range of orifice spacings from zero to one pipe 



diameters. 
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XirTRC AUCTION 



Th© pur pose of this investigation lias boon to stuiy 
any possible interactions between two axially coincident 
orifices placed In sanies in a pipeline. 

A search or the literature revealed only a few pertinent 
articles on this subject* an experiment was reported in 

MfJh.O.Is v 0-j. ..iiTlIMd (l) in which fluid flow through 

orifices in series was undertaken using w&ter. this test, 
made by h* V/* Plot art at Rico Institute# was run with equip- 
ment very much smaller than that used In this investigation, 
for example, the orifice diameters were 0.033“ and th© 
pressure head was varied from C M to 17" of water, the 
results of an investigation by Littaye (2) show that the 
influence of surface tension is preponderant at low velocities 
and for small diameter orifices . for this reason it was 
felt that the uatorial of blotart would be of little value in 
our investigation. 

n very interesting article by 0. ,*alsholz (3) entitled 
’rie xjppolblende’ was found to bear directly on the subject 
of this ties is. ./alzholz ran a carefully controlled exper- 
iment using two orifices in series with variable distances 
between the orifices. He reports that an arrangement of 
orifices was found which gave a discharge coefficient 



extensively independent of Reynolds dumber* 
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FIGURE III A TEST SECTIONS AND ORIFICE PLATE: 



FIGURE III B 




MANOMETER BOARD 
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FIGUEE III C TYPICAL SETUP 








Equipment 



Piping 

The basic piping consisted of three inch nominal 
diameter seamlos3 steel tubing flanged together in seri-c3. 

For clarity, the first section shall be called the upstream 
section, the third called the downstream section, and the 
center section called the test section. The upstream section 
was nine feet in length with a bundle of 4" diameter tubing 
two pipe diameters in longth placod in tne inlet end xor tne 
purpose of straightening the flow. Seven test sections were 
used of lengths varying from 24" to 48”. The downstream 
section was 6^ feet long and had a gooseneck fitted on the 
outlet end which returned the water to the supply level thus 



keeping the test section full of water even at low rates of 
flow. Pressuro taps wore installed in the walls of all 
sections of the piping as well as in the flanges. The holes 
in the flanges wore l/8” in diameter and those in the piping 
were l/lG" in diameter. Trie upstream section had five taps, 
the downstream had twelve taps and each tost section hau a 
numb or consistent wlt v tho length of that particular a ctxon. 
All taps were staggered so as to minimize tne influence of 
any one tap upon tho next in the line of flow. xaps wero 
installed Ir. the top of tne pipo before and after oacn oril ice 
plate to vent any possible trapped air. 
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i'\ '* ovi . , .. us in ace or race */ith .... . ..h. 

s ./oci float i ''nc > v-iri) s '• are el^ed &.>d manufactured from l/t" 
a heat ?- . ( .'s - '«'i^ure II).. *1*© ratiou o oriihoo ia.u- 

©ter to pi po *11 rr.ot-sr of t.i e plat >t coed in the -a t-or t r 
wo re 0.7, C.C, 0 . C.4 utvj 0*3* 'Pace wore 1 of t in op wr ite 
s . oc> c* j. the p Into. lor gc. o i:i as.itorin^ the ori. ice ^etwoen 
f fh.uipoG. One • rifle© was inner i.ed botr 3 en sac I on- of 
the tort section aiu tho upstream a:;u dowr.fi trcnun sections. 

01 : e io.no :nc ter oo&ru consisted of thirty-one piers 
tuoc- , lest in 1 n w .th, 13 -ta. out-i e Jia.ieter, ail con- 
nects-. at to • i r upper enao to a o wl/iou ma If old oy one-half 
inch ranter tuolny. ..ir coulv oe ounce a into the innl-toli 
:>y m*;r‘ of a -ir/oio pump a:.- chjo*. valve thu? o ’cinv 
J'-wn tf o I-; - ;:;! o. vV.o flu I. In al .. tie tabor to .:y dew red 
level. Ihiv urn .*30 ..r.i .•i&ioria ly r adieu i i.-o r/ulai 
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This investigation involved the variation cl the 
following paramo t era* The upstream orifice plate v/as? varied 
using C.3 > 0.4, 0.3, 0.6 and 0,7 pips diameter ratios for a 
0.3 pipe a i master ratio orifice plate downstream. So r oaoh 
combination the flow was varied in about five steps so as to 
cover app-'oximutaly the ran 30 of deynoloH Muraber from 

A- 

5 x 10^ to about 2 x KP. The process was then repeated for 
a C.6 pipe diameter ratio orifico plate downstrda&u This 
e it ire routine was CarriCKi out for each length of toot 
section, seven in number. The completed data consists of 
&oout >30 separately recorded runs. As recorded , the data 
shows the static pressure readings in inches of water for 
each tup, the mo . cur in orifice pressure differ *ce in 
inches of water, the manifold pr* assure 1*. inches of asreur,* , 
uhe barometric pro euro in Inchon oi Mercury, and the water 
temperature in de&reos ruhrenholt. When tho flew rate 
extorted boy on' the capacity of the measuring orifice manom- 
eter it war, determined by tie use of trie calibrated tarwa* 
The pipeline van aue yuatoly vented before each run so as to 
purge the system of any entrapped air* 

Tlo nurrtoor of taps used was .sufficient to delineate tho 
static pressure a^rve from >*32 diameters upstream from the 



static pressure 



%/-£?■ o / 



first orifice plats to 3*37 djuimotorc -ov/natrearn. from the 
sc con. i or to cast roam orifice pl&to. The static pressure 
w o ro <T'. <3. to tho nearest C .05 inch, The original data ie 
tabulated in the ..pponui;: of if. la report* The flow rate 
w*e varied over -an £? gi - t a ran yo an was boliev-id would 
.five accurate rata* The upper 31. lit of flow rate wus Ae- 
tor.Tiinw ... elth-.r o/ the ou.tp capacity or the maxl/Aura pressure 

d:l f fero filial that could bo measured on tho oljjut foot 

*> 

iscno^oter board. fho lower f ov rates were 1 ini tod by the 
sons itivity of tho cul derated .'.ensuring orifice* ( >ee 
fi jure I/i.;)* fan. r-tadlnjys to accurately determine low 
f ..ow rat. an re wire very Ion;; periods of steady f .lov; • The 
tine res .tired to ; erf or;n cuch ’'one war. prohluitivo coa* 
.pvrod. to t’: e apparent value of tho results to oo obtained* 

The data wore use-1 to co .route and plot curves of 
discharge ocofficiont , K, versus Reynolds liumoor, urd 
Variation of : tovtic freoauro alone; the length of tho tent 
pipeline. The 1 is charge coefficients carry t* roe - ilforont 
sub” criptr. which are da thro™ in col by the points at which the 
proof- uro r ?•., i Arav were ta on. _, v . is determined by the use 
■ of radius tapo on either oils of tho upstream o sif ice* 
is a. co determined by th.o use of radius tc ; , o; however, one 



ia located upstreu i frcri t v -o first ox’ ups treat o.*x* xc© and 
t,h3 o her i& at a point * iCimstreova from the seconu or -ov;n- 
s treara orifice . u i are ono pip© r&nius in leasts. i rou 
their respective orifice plates* **-io i® oaseo upon unO us-, 
of pipe tapj locjtsci at points &L pip® diapotora upstre&a 
frou the first orifice and .3 pipe piaaeters .-ownstreax 
from the a econo orifice* All air. charge coefficients i*.- 
c lu i© tlio velocity ox ft£TP roach facto * 

vj 2 ?ooe curves o: u ror a count ant vn'Lrp of Iteynolas 
f upper equal to 10^ wore plot tea for oaoi spacing U - stucco 
uu. ,otfnr>tro&m orifice r^o for variations in th* up at re an 
oriiice vxianoter ratio. 

Tno static pressure curves wore plotted on a pa re 0:2 la, 
Paris with unity reprcn© -•ting t © •'••‘if for or. co .>ov.;p ..-n 
lnlxun prcso'-ro uystreuu an- the ..Iniauia pro-sure reaches. 

wi ft in the oy ton. 

A plot a o ivas xiaJhs of the Percent ? ooov jo 
P ro-sur? vors.ic tri. ic© dpaoinf for each orifice co.npiuatx 
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Pressu/il Recovery vs. Spacing- Distance 
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The curves of Discharge Coefficients versus Reynolds 
' Numbers shown in Figure© IV-XXXVI indicate that tho dis- 
charge coefficient based on any sot of taps is practically 
independent of the Reynolds Number for the range inves- 
tl^ated* These plots show the discharge coefficients of 
the tw.o orifices in series based on three different sets 
of pipe taps. X^o is based on radius taps located one 
radius upstream and downstream from the first orifice 
plate, to,* is oa.<- od on radius taps located one radius 



stream from the second (or downstream) orifice plate. 



from the first orifice plate and 8 pip© diameters down- 
i.tror/ia from the second orifice plate, for the cases using 



fraa thin trend is noted which can be attributed to the 
Ire/, of precision in measuring low rates of flow. In all 




is bttoed on pipe taps locator 



ipe diameters upstream 



the 0,3 pipe 



meter orifice ratio upstream a departure 




and parallel to the abscissae. 
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figure LI ■*. v. a comparison o.‘ figure .Lid with 
?igur©s d LCVIl to .-df/III show that th© A n , . values for the 

Id 

single a-iu double orifice coool nations arc the r uuo . It 
is this f&ct that shows that th© couple or i fie© will always 
give th© sa*o aval table jioaauriiig head as the single orifice* 

The ?d and. curves chow a decided pead for low 

io 1^ 

values of the axial spacing L Unco, Tills peal: appears 
to occur when both the orifices aro the sa^e slzo* 

Th© pressure at the radius tap after the downstream 
or! 'ice is always leer t v n that at the downstream pip© 
tap; hence to© c i M or': no© in pressure for the disc: x.rg® 
coefficient, , is always greater tsun that for d. * 
Therefor©, the d^ curve will always lio above the <3urve* 
It might bo of interest to no to what would happen when 
ni approacnoc zdi^o or* on. ? & limit* 
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This development fixes the ond points of these curves* 
Just how these curves vary outside the region shown is 
unknown# hut it 13 considered that the range of greatest 
interest was covered in this investigation. 

Figures LI - LV are cross curves which were constructed 
from Figures IY - XJOiVI to illustrate the variation of 
Discharge Coefficient versus Orifice spacing* From these 
curves it is evident that the range in which the distance 
between orifice plate© is effective in Improving the discharge 
coefficient lies within the four pipe diameter spacing dis- 
tance* The discharge coefficient is extons ively constant 
for spacing ratios greater than this value* 

It is to be noted that the single orifice arrangement 
gives a higher discharge coefficient than does any double 
orifice combination tstutiied in the spacing range greater 
than four diameters* Hence the double orifice is of doubt- 
ful value with spacing ratios greater than four diameters* 

With spacing ratios less than four diameters the dis- 
charge coo -.T icient tends to increase with decrease in 

/ 

spacing ratio* With upstream orifice size smaller than that 
of the downstream orifice, the dir charge coefficient passes 
through a peek and terminates at zero spacing with the value 
the upstream orifice would have ao a single orifice* With 
the upstream orifice sizes ©fuel to or larger than the 



downstream orifice, no peak was reached* However , the 
closest spacing used in the experiments was not aaeuate 
to define clearly the region below Q*356 pipe diameters • 

It Is mown only that the final value at aero spacing will 
be that corresponding to the smaller of the two orifices* 
Figure LVI illustrates' the average static preseure 
gradient in the vicinity of a single orifice* Close to the 
inlet side of the orifice tho static pressure increases 
slightly and reaches ito maximum value at the entrance to 
the orifice* The pressure drops abruptly as the fluid 
flows through the orifice, and on the outlet side the 
pressure continues to decrease slightly until a minimum 
value is reached. This tninuiaum value known as the Vena 
Contracta point occurs a abort distance beyond tho orifice* 
(Hof* 4* - p. 36). Beyond the Vena Contracta the pressure 
increases slowly at first, then rapidly for a short distance, 
then again more slowly until its second maximum is reached. 
Thte static pressure curvos were plotted on a percentage 
basis with unity representing tho difference between tho 
minimus! pressure upstream and the minimum pressure reached 
within the system. ..lion plotted in th'io manner the second 
maximum ie equal to the per cent recovery* fhe percent toes 
ie the difference between IOC percent and the percent 
recovery* The per cent loss expressed as a fraction is 
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nearly equal to one sinus tho square of the orifice diameter 
ratio (Ref* 4-.). 

Tft© maximum recovery for the single orifice was reached 

N 

at about four pipe diameters regar&leso of orifice size* In 

~ I 

tea ting the double orifice combination a much greater spacing 
ratio was uood. to verify the belief that an orifice placed 
at any greater distance downstream than that nooe*R&ry for 
full recovery in a single orifice would act as another 
separate single orifice independent of any orifice located 

further upstream. This fact can be verified by looking at 

i ^ - 

the m* * 0*5 curve of Figure LVII (or tho a* * C#6 curvtf of 

i 

Figure LVIJ.X$* This chows that the per oent drop aorose 
the upstream orifice is equal to the per cent -drop 4crdss 
the downstream orifice for equal sized orifices* 

i 

Figures LXI to l»XIV show that an increase in pressure 

/ 

across an orifice in obtained when an orifice slightly 
e taller is pluoou upstream* Figures U-.V and L/CVi show that 

iC* 

when the spacing is made smaller ©von an e~ue.l sized orifice 

upstream c aimer a pros euro r.isd across tho downstream orifice* 

This pros sure rise is interpreted ao follows. The flow 

through any orifice contracts anu expands a© illustrated in 

the sketches of Figure LXIX* Whenever tho downstream orifice 

closely approximates the size of the jet, a prove ur© rice 
% 

across this orifice will occur. 



Those combinations which ' 
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produca a prefetsurtf rise acrooe the second orifice attain 

their maximum pressure recovery in a shorter axial dl>*t&no« 

than that required by & single orifice# The second orifice 

creates a drag on the edge of the high velocity stream and 
* 

causes the stream to diverge mors rapidly than if it were 
left undisturbed# This divergence causes .no re rapid, con- 
version of the kinetic energy into potential energy in the 
form of static pressure# This second orifice also confines 
and restricts the region of eddy motion produced by the 
upstream orifice# 

The actual px^essure curves delineated by the data 
obtained for any flow rate for any test setup wore all 

similar in shape and, when plotted on a percentage basis, 

, \ 

coincided* This similarity In shape is to be expected 
since the discharge coefficient is practically independent 
of Reynolds Number • 

figures LXVT1 and hXVIll are cross curves of the static 
pressure curves taken In the maximum recovery region down- 
stream of tbs test section. They indicate orifice combina- 
tions and 3 pacings that produce the best recovery for the 
same available Doasuring bead# 

The curves of Maximum Recovery versus Spacing Distance 
are similar to the curves of Disch&^&e Coefficient versus 
Spacing Distance in that they both show increased values In 
the spacing range lees than four pipe diameters* 



These latter curves- are useful In analysing the merits 

i 

of the double orifice because they indicate that tho recovery 
of any single orifice can bo improved without reducing Its 
avfcil&bie measuring head. This can bo done by placing an 
orifice downstream which is approxlm.fi.tcly tho some si,t.o or 
larger than the first. As an example, assume that a 0*3 
single orifice Id to bo installed to measure a contain 
range of flow rates with a particular range of measuring 
heads* Figures f,<712 and La / 111 indicate that either a 
0,3 or 0*6 orifice placed o lightly less than one diameter 
downstream will give a higher recovery pressure with the 
sane available measuring head across tho first orifice. 

This ex?i.mplo can bo extended to illustrate that any single 
orifice can be improved by a proper double orifice combination. 
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1* A pressure rise through the second orifice of a 
double orific® combination is obtained when the axial 
spacing between thorn is loss than about 2 •£ pipe diameters* 
and when the first orifice diameter ie approximately equal 
to or leas than that of the second. 

2. When the orifices are separated by >ioro than about 
4 pipe diameters both orifices act independent of each 
other j whereas the discharge coefficient of the upstream 
orifice is always independent of the downstream orifice 
oiz.e and location. 

3. the discharge coefficient for the double orifice 
was independent of Reynolds dumber in the range of inves- 

JL r* 

tlgation (4 x ICr to 2 x IC^). 

4. An increase in discharge rate through an orifice 
for the name flow head can be obtained by placing another 

t 

orifice in series with it such that a pressure rise occurs 
across the second orifice. 

5* A double orifice combination can be devised which 
will have the sane available measuring head as a single 
orifice but with a smaller pressure loss. Standardized 
coefficients for the single orlfic© can bo used for the 
upstream orifice since it has boon shown to bo independent 
of the spacing distance and the size of the downstream orifice. 
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1# rdirther investigations should do made in the range 
of orifice gpaeings of zero to one pipe diameters# 

2* It la f.uggortoci that in further studies other orifice 
combinations should bo used, possibly holding the upstream 
eiz© constant and varying the aownstraata size over a limited 
range# 
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Test Sections 



All pips) tap distances aro given In inches from the 



upstream flange face. Vhen bolted together, the space 
between flange faces is 5/16'*. Orifice plates are l/8” thick. 
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SAMPLE CALCULATIONS 
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Example 

Q -i 12 cubic feet per minute 
n — 0 o 5 pipe diameter 
D — 0 o 5 (3 0 25) = 1.625 inches 
Ah a. 92 inches of water 
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Example 



Q, •=: 12 cubic feet per minute 
D =• 1,625 Inches 
T ^ 74 degrees P 

j/ - 0 0 0000099 square feet per second for 74* P 
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sample of calculation used in the construct ion of the curve 
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OF VARIATION OF STATIC PRESSURE 
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100# change in static pressure 



Then the percent change at any point y, is 
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